Three-dimensional microwave waveguide cavities are essential tools for many cavity quantum electrodynamics experiments. However, the need to control quantum emitters with dc magnetic fields inside the cavity often limits such experiments to normal-conducting cavities with relatively low quality factors of about 10 4 . Similarly, controlling quantum emitters with dc electric fields in normal-and superconducting waveguide cavities has so far been difficult, because the insertion of dc electrodes has strongly limited the quality factor. Here, we present a method to apply dc electric fields within a superconducting waveguide cavity, which is based on the insertion of dc electrodes at the nodes of the microwave electric field. Moreover, we present a method to apply dc magnetic fields within the same cavity by trapping the magnetic flux in holes positioned in facing walls of the cavity. We demonstrate that the TE301 mode of such a superconducting, rectangular cavity made from niobium maintains a high internal quality factor of Qint ∼ 1.7 · 10 6 at the few photon level and a base temperature of 3 K. A cloud of Rydberg atoms coupled to the microwave electric field of the cavity is used to probe the applied dc electric and magnetic fields via the quadratic Stark effect and the Zeeman effect, respectively.
I. INTRODUCTION
Three-dimensional (3D) microwave resonators play an important role in cavity quantum electrodynamics (QED) [1] and for applications in quantum information processing [2] . Superconducting Fabry-Perot resonators with photon lifetimes of 100 milliseconds have been extensively used in cavity QED experiments with Rydberg atoms [3] . While their open structure (gap between the two mirrors) allows the application of dc electric and magnetic fields within the cavity, the design and fabrication is considerably more demanding than, e.g., for waveguide resonators of rectangular and cylindrical shape. Such (closed) waveguide cavities have in recent years attracted considerable interest in the context of superconducting quantum circuits because of increased coherence times [4, 5] and long single photon lifetimes on the order of milliseconds [6] , which has enabled key experiments in circuit QED [7] [8] [9] and led to new directions in quantum information processing [10] [11] [12] . More recently, the homogeneous spatial distribution of microwave fields inside waveguide 3D resonators was exploited to demonstrate strong coupling between photons and spin ensembles in nitrogen vacancy centers [13] , in a YIG sphere [14] and in rare-earth-doped crystals [15] , which enabled the realization of a hybrid quantum system between superconducting qubits and magnons [16] .
Many quantum emitters that can be coupled to waveguide cavities share a common feature: their transition frequencies can be controlled by either dc magnetic fields (superconducting qubits and spin ensembles), dc electric fields (nanomechanical resonators [17] for optomechanics [18] ) or both (nitrogen vacancy centers [19] and Rydberg atoms [20] ). However, the application of dc mag- * mathiass@phys.ethz.ch netic fields in superconducting waveguide cavities is challenging, since magnetic field lines can not penetrate the walls of a superconducting cavity due to the Meissner effect. One solution to this problem is a hybrid cavity [21] , where a copper insert facilitates the penetration of magnetic fields, but also reduces the cavity's quality factor. The incorporation of dc electric field bias into a superconducting 3D cavity is considerably more challenging. Indeed, each resonator mode has a characteristic distribution of surface currents on the inner walls of the cavity and a change of this distribution, e.g. by introducing a hole for an electrode, can alter the resonator mode itself. Furthermore, electrodes inserted into a cavity can cause substantial radiation losses, because they act as antennas that couple to the microwave field inside the cavity. Initial attempts to position multiple on-chip dc bias lines into a rectangular 3D cavity [22] have shown a large reduction of the cavity's quality factor down to about 10 3 . Cohen et al. [23] have recently presented a method that circumvents the need for intra-cavity electrodes and allows the application of a single dc voltage bias in a superconducting 3D cavity. In their study they used two isolated halves of a split, rectangular cavity as electrodes and achieved a high internal quality factor of 9 · 10 5 at the single photon level. Here, we present a method for incorporating dc bias voltages into a 3D cavity, which is based on the insertion of dc electrodes at the nodes of the microwave electric field of a superconducting cavity. We further devise a way of applying static magnetic fields using two holes in opposite walls of the cavity, where the magnetic flux can be trapped when the cavity is cooled down in an external magnetic field. The combination of both methods enables the study of quantum emitters coupled to the microwave electric field of a superconducting cavity in dc electric and magnetic fields. We demonstrate that the TE 301 mode of a superconducting, rectangular cavity with two inserted dc electrodes and two holes for mag-netic field application maintains a high internal quality factor of 1.7·10 6 at the few photon level, as measured at T = 3 K. We prove the robustness of the methods against imperfections, e.g. limited precision in positioning of the dc electrodes, with the insertion of a high-purity sapphire cylinder, which affects the electric and magnetic field distribution of the cavity mode used, while the quality factor is unaltered.
II. CAVITY DESIGN AND FIELD SIMULATIONS
In Fig. 1(a,b) , we show one of the two symmetric, rectangular cavity halves, which are milled out of high-purity (e,f) Simulation of the dc electric (e) and magnetic (f) fields, E dc and B dc , in a small region (green dashed box in (c)) around the cavity center (coordinates xc, yc and zc relative to the latter). The simulated field vectors (black) are plotted on top of the relative deviations, ∆E dc /E dc and ∆B dc /B dc , of the field magnitudes from the values in the center, E dc and B dc (see text for details). Black circles represent access holes and blue lines indicate the region, where field distributions are probed by Rydberg atoms (see text).
(RRR = 300) niobium, aligned with stainless steel posts mounted in the cavity walls and fixed to each other by a set of stainless steel screws. The cavity dimensions (L x × L y × L z 25.6 mm × 7 mm × 14 mm) determine the resonance spectrum with the lowest frequency transverse electric modes TE 101 , TE 201 and TE 301 . Two cylindrical dc electrodes with a diameter of 0.5 mm are inserted at the electric field nodes of the TE 301 mode and allow the application of dc electric fields inside the cavity. Each dc electrode is formed by a microwave coaxial cable, the stripped center conductor of which enters the cavity, while an additional length of coaxial cable (about 30 mm) is clamped with a copper plate outside the cavity for thermalization. Two 3-mm-diameter access holes, one in each cavity half, are used to trap dc magnetic fields and allow Rydberg atoms to enter and exit the cavity. Additionally, the cavity features a 2.3-mm-diameter hole on the left side, through which we insert a 1.9-mm-diameter cylinder of either low-microwave-loss sapphire (shown) or superconducting niobium, with a variable depth set by a translation stage. Two microwave evanescent couplers (retracted in the holes used as a feedthrough, see Fig. 1(b) ), symmetrically coupled to the cavity, are used to inject microwave radiation into and extract it from the cavity in transmission measurements.
At the electric field nodes the TE 301 mode is compliant with conducting boundary conditions imposed by the dc electrodes mounted in the cavity. As a consequence we expect a minimal perturbation of the mode's field distribution. To confirm this expectation, we perform finite-element simulations [24] of the cavity fields with a sapphire rod inserted up to a depth of δx S = 2 mm (distance between the tip of the sapphire and wall) into the cavity. The simulated electric and magnetic field amplitude distributions plotted in the plane of the electrodes (see Figure 1(c,d) ) closely resemble the ideal distributions, e.g. E mw = | sin(3πx/L x ) sin(πz/L z )| for the electric field. A quantitative comparison between the simulated and the ideal field distributions shows that the introduction of the sapphire cylinder, access holes and, most importantly, dc electrodes cause less than 8 % relative deviations in the electric and magnetic field amplitudes at all positions separated by more than 2 mm from the listed perturbing objects.
We then study spatial distributions of applied dc electric and magnetic fields by finite element simulations [25] in a small region around the cavity center (see Fig. 1(e,f) ). The electric field is simulated with potential differences V 1 = −1 V and V 2 = 1 V of the first and second cavity electrode to the cavity, respectively. It is oriented in x-direction and reasonably homogeneous with less than 10 % averaged modulus of relative deviation of the field magnitude from the value in the cavity center E dc = 0.95 V/cm. Realistic simulations of magnetic fields in the presence of type 2 superconductors, like niobium, are challenging due to vortex trapping [26] , which leads to non-zero magnetic field in the bulk material. Here, we consider the worst case scenario for the homogeneity of the magnetic field by choosing a perfectly diamagnetic material for the cavity, which models a type 1 superconductor. Indeed, in this case, all magnetic field lines enter and leave the cavity through the access holes; their dilution inside the cavity leads to an inhomogeneous magnetic field. In an external magnetic field of 10 G pointing in z-direction, the simulation still predicts an almost homogeneous magnetic field at the cavity center with less than ±4 % relative deviation of the field magnitude from the center value B dc = 4.50 G.
III. LOSSES INDUCED BY DC ELECTRODES
We experimentally investigate the effect of the superconducting dc electrodes on the resonator modes. We use a vector network analyzer to perform transmission measurements on the cavity without frequency tuning cylinder in an evacuated dipstick at temperatures between 4.5 K and 5.2 K. We subtract the frequency-dependent losses of the microwave cables from the transmission spectra of the TE 101 , TE 201 and TE 301 modes of the empty cavity with the access holes and fit the resulting spectra (see black points in Fig. 2 (a)) with Lorentzians. We thereby obtain the resonance frequencies ν 1 = 12.08 GHz, ν 2 = 15.86 GHz and ν 3 = 20.59 GHz and the cavity linewidths κ 1 /(2π) = 5.1(1) kHz, κ 2 /(2π) = 7.6(1) kHz and κ 3 /(2π) = 11.9(1) kHz for the TE 101 , TE 201 and TE 301 mode, respectively. The extracted linewidths correspond to high quality factors between Q 3 ∼ 1.7·10
6 and Q 1 ∼ 2.4·10
6 , which are almost identical with the internal quality factors (Q 3,int ∼ 1.9·10
6 and Q 1,int 2.4·10 6 ) determined from the insertion losses. We analyze the origin of the loss rates by performing finite-element simulations, which indicate that microwave field leakage through the access holes only causes negligible loss rates of less than 0.3 kHz for the three considered modes. This suggests that the measured quality factors are limited by losses in the cavity walls, e.g. residual resistivity and surface defects.
We investigated transmission spectra of the cavity with two superconducting dc electrodes, each of which is terminated with a 50-Ω impedance to avoid unwanted reflections from the end of the cable. We show two sets of measurements (green and blue data points in Fig. 2(a) ), in between which we have unmounted and remounted the dc electrodes, with an estimated positioning accuracy of 0.1 mm, to test the reproducibility of the results. In both datasets all three modes have negligible shifts in the resonance frequencies (about two per mille) compared to the empty cavity. The cavity linewidths, however, vary substantially between the datasets, except for the TE 301 mode, which shows a narrow, temperaturedependent cavity linewidth of κ Nb,3 /(2π) = 24.8(1) kHz at 4.5 K and κ Nb,3 /(2π) = 28.2(2) kHz at 5.2 K in all datasets. To understand the variation in cavity linewidth of the TE 101 and TE 201 modes we perform simulations, which show that the antenna coupling between the mi- and with the superconducting dc electrodes installed (green, offset by -30 dB). An additional dataset (blue, offset by -20 dB) at a temperature of 5.2 K was taken after unmounting and remounting the dc electrodes. Lorentzian fits of the transmission spectra for the cavity without (red) and with the dc electrodes mounted (white). Resonance frequencies of the empty cavity are displayed on the top axis. The green dashed line indicates that the fundamental mode could not be measured here. (b) Transmission spectra of the TE301 mode at 4.5 K for the undercoupled 3D cavity with superconducting niobium (green), silver-plated copper-weld (SPCW, purple) and stainless steel (gray) dc electrodes. Lorentzian fits are plotted in white.
crowave field in the cavity and the dc electrodes critically depends on their relative alignment.
Then, we study the influence of dissipation, which increases the cavity linewidth by an amount that is proportional to the surface of the dc electrodes and the surface resistivity R s = µ 0 ω/σ [27] . The latter depends on the microwave frequency ω and the electrode conductivity σ, µ 0 is the vacuum permeability. In Fig. 2(b) we compare transmission spectra of the TE 301 mode for the cavity with 50-Ω-terminated dc electrodes of same dimensions made from niobium (Nb, green points), silverplated copper weld (SPCW, purple points) and stainless steel (SS, gray points). The extracted cavity linewidths, κ Nb,3 /(2π) = 24.8(1) kHz, κ SPCW,3 /(2π) = 58.2(2) kHz and κ SS,3 /(2π) = 649(3) kHz show that the cavity losses depend on the conductivity of the electrode material. To better understand the data we perform simulations, in which the dissipation on the electrode surface is the only loss mechanism, and obtain the scaling of the electrode losses ∆κ σ,3 /(2π) = 121(2) kHz/ σ/(5.8 · 10 7 S/m) with the electrode conductivity for the TE 301 mode. Assuming only dissipative losses we can use the scaling to convert the measured increase in cavity linewidth, e.g. ∆κ SS,3 /(2π) = (κ SS,3 − κ 3 )/(2π), to obtain conductivities for stainless steel σ SS 2.1 · 10 6 S/m and silver-plated copper weld σ SPCW 4.0 · 10 8 S/m at T 5 K, which are, respectively, compatible with the literature [28] and a residual resistance ratio of RRR 7.
Tuning of the cavity frequency is a useful feature [29, 30] in cavity QED experiments, where the frequency detuning between the emitter and the cavity mode is of fundamental importance. Here, we implement two approaches to tune the resonance frequency of the rectangular waveguide cavity: (i) by inserting a low-microwaveloss sapphire cylinder with dielectric constant r 9 (microwave electric field perpendicular to the c-axis of the crystal), which increases the effective permittivity of the cavity and thereby lowers the resonance frequency; (ii) by inserting a superconducting niobium cylinder, which reduces the cavity volume and thus increases the resonance frequency. Indeed, the cavity frequency decreases monotonically (see Figure 3 (a)) with increasing insertion length δx S of the sapphire cylinder into the cavity. The sapphire insertion leads to a shift in resonance frequency of up to δν 3,S = −230 MHz for δx S = 4.2 mm, while the cavity linewidth remains unaffected at κ 3 = 28(1) kHz. We conclude from the measurements that the TE 301 mode is robust against losses that may arise from antenna coupling caused by small imperfections in the positioning of the electrodes with respect to the field distribution. In Fig. 3(b) , we present a room temperature measurement of the shift in resonance frequency δν 3 as a function of the niobium insertion length δx N , which shows a positive frequency shift that saturates at δx N = 1.55 mm with a maximal shift of δν 3,N = 54 MHz. For this insertion length, we have measured the transmission spectrum at T = 5.2 K (see the inset), which displays a small increase in cavity linewidth, κ 3 = 42(2) kHz compared to the cavity without inserting the niobium rod. We attribute this increased linewidth to small radiation losses caused by antenna coupling between the niobium rod and the field in the cavity. 
IV. PROBING DC ELECTRIC AND MAGNETIC FIELDS WITH RYDBERG ATOMS
As a demonstration of these techniques, we study Rydberg atoms that are coupled to the microwave electric field of the cavity in the presence of controlled dc electric and magnetic fields. Rydberg atoms, which are sent through the cavity via the access holes, are a sensitive probe for the applied electric and magnetic fields due to Stark and Zeeman effects, respectively. In the setup sketched in Fig. 4 (a) (see [31, 32] for details), in each experimental cycle, we prepare Rydberg atoms, apply a pulsed microwave tone to the cavity when the atoms are within the cavity and detect the atoms after they exited the cavity. A supersonic sample of 4 He * atoms in the metastable triplet state (1s 1 2s 1 3 S 1 ) travels at a speed of v z = 900 ± 13 m s −1 in an ultrahigh vacuum, cryogenic environment at 3 K, where the 3D cavity is mounted between two pairs of circular electrodes. Between the first pair of electrodes we employ two-photon excitation (see level diagram in 4(b)) in a magnetic field of B exc 5 G using a 500-ns-long laser pulse at wavelength 389 nm and a continuous-wave laser of wavelength 788 nm to transfer He * atoms to the 42s Rydberg state (1s 1 42s 1 3 S) with spin and angular momentum projections m s = +1 and m l = 0, respectively. When the atom cloud arrives at the cavity center it has an approximate size of 1.5 mm in both longitudinal and transversal directions, determined by the laser pulse length, beam waist and the expansion after an 0.5-mm-diameter skimmer. Here, we coherently transfer a fraction of the atoms to the 42p Rydberg states (1s 1 42p 1 3 P) in the applied magnetic and electric fields by injecting a 500-ns-long microwave pulse into the cavity. We use low microwave powers adjusted to compensate the frequency-dependent resonance curve of the cavity TE 301 mode, which is tuned to ν 3 = 20.558 GHz by the insertion of a niobium cylinder. After leaving the cavity, the Rydberg atoms are ionized with a pulsed field at the second pair of electrodes and the resulting electrons are detected on a microchannel plate (MCP). The signal from the MCP, current-amplified and digitally integrated over a 70-ns-long time window, creates a signal, S, which is state-dependent because of different field ionization thresholds for the s-and p-Rydberg states. It thus results in a spectral line S(ν), when the frequency ν of the microwave pulse is scanned over an atomic transition frequency.
The dc magnetic and electric fields applied in the cavity, B dc and E dc , shift the atomic energy levels through the Zeeman effect (in the Paschen-Back regime) and the quadratic Stark effect, which are schematically outlined in Fig. 4(c) and (d) , respectively.
The magnetic field is generated by a pair of 60-cmdiameter Helmholtz coils, aligned with the beam axis outside of the vacuum system of the experiment, and then trapped in the access holes during the cooldown of the cavity below the superconducting transition temperature T c 9.2 K of niobium. We can reset the trapped magnetic flux and thus the resulting field by heating the cavity to temperatures a few degrees above T c , changing the current in the Helmholtz coils and cooling the cavity down again to the base temperature of 3 K, an operation which takes about five minutes in our cryogenic system.
In contrast, the dc electric field is aligned perpendicular to the atomic beam axis and can be changed rapidly by applying potentials V 1 and V 2 to the intra-cavity electrodes. Indeed, electrostatic simulations show that the total capacitance of the electrode C 4 pF is dominated by the coaxial microwave cable (length 30 mm) needed for thermalization and connection, which leads to a rise time of 0.4 ns (bandwidth 800 MHz), when driven with a voltage source of 50-Ω impedance.
In Fig. 4(e) we study the dependence of atomic transition frequencies on the applied magnetic field. With compensated stray electric fields using potentials V 1 = 0 V and V 2 = 0.4 V at the intra-cavity electrodes we measure the normalized MCP signal S (gray data points) as a function of the frequency detuning ν − ν 0 between the drive tone and the (magnetic and electric) field-free transition frequency ν 0 = 20.542 GHz. In zero applied magnetic field we observe a single transition in the measured spectral line S(ν − ν 0 ), which is Stark-shifted from ν 0 by −2.0 MHz, because of a residual stray electric field of magnitude E res 100 mV/cm. At magnetic fields above a threshold of 3 G the data clearly displays two transitions and fits of the spectral lines with a double Gaussian (black lines) allow the extraction of the resonance frequencies, ν 1 and ν −1 (blue and black data points), and full widths at half maximum (green bars) of the transitions to the 42p states with m l = 1 and m l = −1, respectively. The linear dependence of both transition frequencies in the applied magnetic field is in agreement with the Zeeman effect in the Paschen-Back regime, ν ±1 = ν 0,±1 ± µ B g L B dc /h, where µ B , g L 1 and h are the Bohr magneton, the orbital Landé g-factor and the Planck constant, respectively.
Fitting the Zeeman effect to our data (red lines) we obtain a conversion relation of 5.1(1) G/A between the magnetic field inside the cavity and the applied coil current. The relation agrees within the experimental uncertainty with the magnetic field per applied current analytically calculated for the used pair of Helmholtz coils. The fit also determines the zero-field offsets ν 0,1 −2.5 MHz and ν 0,−1 −0.5 MHz, which have the same order of magnitude as the fine structure between the different Jstates (maximal splitting 2.9 MHz). The width of the atomic spectral lines σ ν 3.3(6) MHz is determined by the inhomogeneous distribution of the residual electric field and shows no significant dependence on the magnetic field strength. This is in agreement with the magnetic field simulations shown in Fig. 1(f) , where the inhomogeneity of the magnetic field over the size of the atom cloud (estimated extension 1.5 mm) is less than one percent, which even for the highest applied magnetic field would lead to a negligible inhomogeneous broadening of σ ν,B 0.1 MHz.
In Fig. 4(f) we present measurements of the transition frequencies, ν 1 and ν −1 (blue and black data points), and the corresponding spectral linewidths (green bars) as a function of the applied dc electric field in a constant magnetic field of B dc 9.8 G. Here, the offset potentials V 1,0 = 0.6 V and V 2,0 = 0.73 V at the intra-cavity electrodes minimize the residual stray electric field to E res 40 mV/cm as extracted from the Stark shift of −0.4 MHz. In this situation we increase only the potential of the second electrode by an amount ∆V 2 (V 2 = V 2,0 +∆V 2 ), which leads to an applied electric field E dc = β∆V 2 with a geometry-dependent factor β. We fit the shifts on both transition frequencies, ∆ν ±1 (E dc ) = ν ±1 (E dc ) − ν ±1 (0) with the same quadratic Stark effect, ∆ν(E dc ) = −0.5δ α (β∆V 2 ) 2 , (red lines), which allows the calibration of the electric fields indicated at the bottom axis using the calculated difference in polarizability δ α = −444 MHz/(V/cm) 2 between the 42s and 42p Rydberg states. The spatial distribution of the applied electric field causes a visible broadening
of the atomic linewidth σ ν (E dc ), which exceeds the initial linewidth σ ν (0) by a factor four for the highest electric fields. In this limit the inhomogeneous broadening is proportional to the Stark shift and allows the calculation of the relative field inhomogeneity σ E /E dc = σ ν,E /(2∆ν(E dc )) = 0.13 (1) . We then perform an electric field simulation (similar to the one shown in Fig. 1(e) ) using V 1 = 0 V and V 2 = 1 V, which approximates the experimental conditions by neglecting the small stray electric field and the compensation thereof. The experimental results for the proportionality factor β = 0.67(1) cm −1 between electric field and applied potential and the relative field inhomogeneity are both compatible with this simulation, when the simulated electric field distribution is averaged over an atomic cloud of transversal diameter 1.1 mm that is slightly smaller than previously estimated and offset from the cavity center by 0.7 mm in x-direction.
The presented measurements clearly show that dc electric and magnetic fields can be applied simultaneously in the center of the superconducting cavity facilitating the efficient control of the transition frequencies in Rydberg atoms, while maintaining a high cavity quality factor. The effect of dc electric fields on superconducting waveguide cavities was studied in [23] , where electric fields of a few kV/cm were shown to have no impact on the quality factor. A trapped magnetic field, B trap , in the bulk material of the niobium cavity is expected to increase the surface resistivity by an amount R res = 2.2 nΩ/µT · B trap ν/GHz (see [26] ) and thereby limit the quality factor. For the presented cavity we estimate a quality factor limited to 10 6 for a trapped magnetic field of 20 mT, which is an order of magnitude higher than the fields applied in our experiments. This makes the presented niobium cavity suitable for cavity QED experiments with superconducting qubits, NV centers [13, 19] and other quantum emitters that can be controlled with magnetic fields below the critical magnetic field B c 200 mT of niobium.
V. CAVITY QUALITY FACTOR AT THE FEW PHOTON LEVEL
Cavity QED experiments typically require low photon numbers in the cavity, where cavity losses can be enhanced by the presence of unsaturated two-level systems [33, 34] . To measure the photon number dependence of the internal losses in the TE 301 mode we mount the cavity, with 50-Ω-terminated superconducting dc electrodes and the sapphire cylinder inserted by 1.6 mm, into a cryogenic environment at 3 K. We perform transmission measurements with thermalized attenuators and circulators on the input and output line, respectively, which provide sufficient thermalization of external blackbody radiation to have only about three thermal photons populating the cavity on average. The microwave signal transmitted through the cavity is amplified with a highelectron-mobility amplifier at 3 K, before it undergoes further amplification and filtering at room temperature, followed by heterodyne downconversion using an analog mixer and digital homodyne downconversion (see [31] for details). In Fig. 5 , we show the dependence of the cavity linewidth κ 3 /2π on the number of injected photons n c , which is calculated from input-output relations and the power P c applied to the cavity. The cavity linewidths are determined from measurements of the normalized transmission coefficient A n as a function of the probe detuning (ω − ω 3 )/2π, which are shown in the inset for the lowest (n c = 1, black) and the highest (n c = 10 8 , blue) photon numbers. The data clearly shows a very narrow cavity linewidth of κ 3 /2π = 12.4(1) kHz (quality factor of Q = 1.65(1) · 10 6 ), which is independent of the photon number in the 3D cavity (in agreement with [12] ). The increase in quality factor compared to the previously shown measurements is due to improved thermalization of cavity and dc electrodes in the presented setup. 
VI. CONCLUSIONS AND OUTLOOK
We conclude that the TE 301 mode of the superconducting cavity with holes for magnetic field access, electrodes for dc voltage bias and an inserted sapphire cylinder for resonance frequency tuning is able to maintain internal quality factors up to Q int 1.7 · 10 6 at the few photon level, when it is thermalized at a temperature of 3 K.
The measurements presented in this article show the feasibility of applying magnetic and electric field bias in superconducting cavities without compromising their quality factor at the few photon level. We believe that the presented results will be useful for cavity QED experiments with Rydberg atoms, superconducting qubits, NV-centers and opto-mechanical systems using 3D cavities. As one application, we have demonstrated the precise control of atomic transition frequencies in Rydberg atoms. We stress that the methods introduced here can most likely be adapted to apply magnetic and, more importantly, electric fields inside other three-dimensional cavity geometries, like for instance, cylindrical cavities. The simulated bandwidth ( 800 MHz) for signals on the dc electrodes could also allow the manipulation of quantum systems with radio-frequency signals, such as e.g. Rydberg Stark deceleration and trapping [35] and ion trapping [36] . Last but not least, we believe that the system can be adjusted to apply more complex electric and magnetic field configurations, since there is no obvious reason that prevents the insertion of multiple dc electrodes at the microwave electric field nodes and the use of multiple access holes in a superconducting cavity with quality factors of about one million.
